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ABSTRACT
WMAP’s first year non-detection of the Sunyaev-Zel’dovich effect (SZE)
among a sample of 31 rich Abell clusters is interpreted in terms of conventional
physics. It is already widely believed that the central soft X-ray excess found in
some clusters cannot be of thermal origin, due to problems with rapid gas cooling,
but may arise from inverse-Compton scattering between intracluster relativistic
electrons and the cosmic microwave background. We demonstrate that higher
energy electrons drawn from the same power-law spectrum as that responsible
for the soft excess may also synchrotron radiate in the intracluster magnetic field
of strength B . 1 µG to produce cluster microwave emissions in the WMAP
passbands that account for the missing SZE flux. There is in fact no significant
discrepancy between the model parameters that account for either phenomena.
This strengthens the likelihood of prevailing non-thermal activities in at least
some clusters. The key point is that by merely invoking an intracluster pop-
ulation of cosmic rays having the same properties as those of our Galaxy, the
microwave synchrotron flux is already within a factor of five from the expected
SZE flux. The electrons may originate from AGN jet injection, then distributed
cluster-wide with accompanying in situ Fermi acceleration, by Alfven waves.
1. Introduction
In a recent paper, Lieu, Mittaz, Zhang 2006 (LMZ06) published the hitherto most
comprehensive cross-correlation of the Wilkinson Microwave Anisotropy Probe first year
(WMAP1) data with the X-ray data of ROSAT and ASCA, in search for the SZE in the
temperature of the cosmic microwave background (CMB) along the directions to 31 ran-
domly chosen rich clusters located above the Galactic plane. The WMAP1 passbands being
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analyzed cover the frequency range of 41 – 94 GHz. This search led to the astonishing find-
ing that on average the level of SZE detected by WMAP1 is no deeper than the intrinsic
CMB primary anisotropy as seen by WMAP in directions of blank sky (i.e. away from rich
clusters and groups), and in any case accounts only for 1/3 to 1/4 of the level expected from
the X-ray measurements of the sample clusters, Moreover, LMZ06 explored and excluded a
variety of possible reasons for the discrepancy, including emission by radio point sources in
the clusters, which fail by a large margin to deliver sufficient flux to explain the apparent
lack of SZE in the WMAP1 W-band of 94 GHz.
In the present work we investigate the role of cosmic rays in large scale structures, and
propose that a diffuse component of intracluster non-thermal electrons may be responsible
for the SZE anomaly reported by LMZ06. In particular, we shall examine the viability of
attributing the SZE flux discrepancy, even in the microwave frequency range, to synchrotron
radiation from an unmapped intracluster population of relativistic electrons. In a similar
vein, an excess EUV and soft X-ray emission from clusters, which spans the energy range
0.1 – 1.0 keV and is unrelated to the hot virialized cluster gas, has been known for sometime
(e.g. Lieu et al 1996, Kaastra et al 1999, Nevalainen et al 2003). It is worth exploring
whether one can connect the non-thermal inverse Compton origin of this soft excess (Hwang
1997, Ensslin & Biermann 1998, Sarazin & Lieu 1998) with the SZE anomaly of LMZ06,
using the same power-law distribution of electrons.
Apart from these three 1997-98 papers, there have been numerous suggestions of a
general, non-thermal intracluster environment, an early example being Jaffe (1977) and,
more recently, Quenby et al (1999). In particular, a model of the acceleration via Alfven
waves driven by major cluster mergers is given by Brunetti et al (2004). Of further interest
is the idea that relativistic jets carry a significant portion of the total energy output of
radio galaxies, causing X-ray emission up to Mpc distance scales (Ghiellini & Celotti 2001).
Celotti, Ghisellini, & Chiaberge (2001) provided an analysis of such a scenario for PKS
0637-752.
Unless a separate physical mechanism is proposed (and indeed there is at least one
serious paper on the prospect of neutralino dark matter decay as a cluster’s non-thermal
reservoir, see Colafranceso, Profumo, & Ullio 2006), the possibility of cosmic rays as the key
to solving the soft excess and S-Z puzzles hinges upon the manner in which energy from
AGNs is distributed widely throughout a cluster, and the speed in which re-acceleration can
compensate for losses. It is well known that Bohm diffusion happens too slowly for this
purpose (see section 3). Our model invokes Alfven waves as the spreading agent which is
also responsible for rapid Fermi statistical acceleration.
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2. Overall cluster non-thermal picture and energy budget
We assume a continuous non-thermal injection rate into the cluster environment of
1045 ergs s−1 in both electron output and Poynting flux. This is based on the analysis of
observation by Ghisellini and Celotti (2001) and the the numbers arising from jet injection
in the hydrodynamic models of Zanni et al (2005). The jet may be of cluster size in one
dimension (Nulsen et al 2005). The cluster radius is assumed to be ∼ 1 Mpc and the
intracluster magnetic field in the range 0.1 to 1 µG. (e.g. Molendi et al 2004; Medvedev,
Silva, & Kamionkowski 2005). Ambient gas density is ∼ 10−3 → 10−4 cm−3 (e.g. Brunetti
et al 2004). We also took a typical cluster distance of 400 Mpc, an appropriate number
for the clusters of the LMZ06 sample, since the mean redshift of the sample is z = 0.1,
corresponding to a distance ≈ 430 Mpc.
While an energetic jet existing a reasonable fraction of the lifetime of a large, relaxed
cluster can transport energy in one dimension on a cluster scale in 108 year for a jet propa-
gating at 1000 km s−1, a more general three dimensional dispersion mechanism is necessary
to account for the distributed acceleration required here. Adopting B=1 µG and a density
of 10−4 cm−3, Alfven waves move with velocity VA = B/
√
4piρ ≈ 280 km/s, allowing the
transport of non-thermal energy over the cluster volume in 4 × 108 years. Instabilities within
the jet and at the edges may produce the Alfven waves which continues to spread the en-
ergy after the bulk flow is dissipated. Rayleigh-Taylor and Kelvin-Helmholz instabilities in
particular were mentioned by Zanni et al (2005). These authors show how the disturbance
in density and entropy could have spread after the jet and shock were switched off.
Medvedev, Silva, & Kamionkowski (2005) computed a model of cluster-wide field am-
plification caused by the non-relativistic Weibel instability, although only 0.1 % of the total
energy ends up in the magnetic field. They claim that the short wavelength turbulence ini-
tially generated gives rise to much longer wavelengths on a cosmological time scale. Merger
shocks and intense stellar winds are alternative sources of heat input to the cluster medium
which may add to the wave energy. Feretti et al (2004) developed this idea and fitted
synchrotron and inverse Compton models to observed spectra, based on giant radio halos.
3. The balance between acceleration and loss
It is not useful to invoke diffusive shock acceleration as the cosmic ray electron source
since the Larmor radius, rL = γmec/(eB) at 10
13 eV electron energy is only ∼ 0.1 pc in a 1
µG field, i.e. diffusive propagation over cluster scales is impossible (see also the second half of
this section). Instead we appeal to a general Fermi acceleration phenomenon throughout the
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medium. While it is true that hadronic Fermi acceleration must take substantial energy from
the waves, instabilities due to anisotropic particle distribution functions will continuously
feed energy back into the wave motion. The tendency is towards an energy equipartition
which is well known in the case of our Galaxy.






where v is the particle velocity, and λ is the diffusion mean free path. Experience in measuring
λ in the turbulent interplanetary medium suggests λ ∼ 30rL.
The lifetime of an electron of energy γm
e
c2 against inverse Compton interactions (losses)








= 2.31× 1012γ−1 years, for γ ≫ 1. (2)
By equating inverse Compton and Fermi time constants after applying our adopted pa-
rameters, we obtain a maximum permitted electron energy of 5.3 × 1012 eV. This limit is
important to our ensuing calculation of the expected electron spectrum.
Volk, Aharonian and Breitschwerdt (1996) reviewed the non-thermal energy content of
galaxies and discussed the contribution of shocks to the cosmic ray content. We may consider
two alternatives to the Alfvenic heating model for the supply of high energy electrons. The
first employs shocks at collisions between clusters and hence parameters relevant to the
medium between, rather than inside, clusters. Medvedev, Silva, & Kamionkowski (2005)
assumed Vsh = 10












is the diffusion coefficient, one finds that τac ≈ 2 × 109 years for a 5 × 1012 eV electron,
which is too slow to counter inverse Compton losses. Moreover, the time to diffuse over a





is 109 years. The second alternative concerns relativistic AGN jets near their source. We
take Vsh ∼ c and B = 10−6 G. These parameters yield τac ∼ 1 year and τdiffusion ∼ 5× 1013
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years. The first timescale indicates that there should not be a lack of relativistic electrons
in an AGN environment, while the second spells the impossible task of filling the entire
cluster with a non-thermal population using isolated diffusive shock acceleration sources as
input, i.e. the energetic particles so produced are expected to emit synchrotron radiation
only locally. Volk et al had similarly found extremely long times for the escape of particles
from clusters.
4. Cluster 50 GHz Synchrotron Emission and EUV Excess
4.1. Synchrotron Emission







γ−s cm−3 sr−1. (6)
The power output is
d2P
dV dν






ergs cm−3 Hz−1. (7)
Now the peak frequency of the synchrotron spectrum is given by
ν ≈ 4γ2B Hz (8)
The lower limit to γ could correspond to γ ≈ 2,000, or electron energy ≈ 1 GeV, the peak
cosmic ray electron flux in our Galaxy. This leads, by Eq. (8), to a minimum emitted
frequency of νmin = 1.7 × 107 Hz, or much lower if the power law extends to γ ∼ 1. The
upper emitted frequency, corresponding to the electron cutoff energy of 5.3 × 1012 eV as
explained after Eq. (4), is νmax = 4.8 × 1014 Hz.
The important point to note is that if we adopt an extreme case scenario under which
the originally assumed non-thermal injection at 1045 ergs s−1 is completely dissipated by
synchrotron radiation in the frequencies between νmin and νmax, then an integration of Eq.
(7) assuming a cluster radius of 1 Mpc, B=1 µG, and an electron exponent of s = 2.75 from
Galactic measurements would yield
N = 1.6× 10−5, (9)
with an ensuing 41 GHz synchrotron flux from γ ≈ 105 electrons in the cluster of 5 ×
10−17 ergs cm−2 s−1 sr−1 Hz−1, which is about 2.5 % of the CMB emission at 41 GHz. The
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SZE is generally ∼ 10−4 of the CMB flux. Clearly we have a suitable factor in hand to
completely offset this effect (i.e. to explain LMZ06 result on the apparent lack of SZE in
a wide sample of clusters as observed by WMAP1), since under this most extreme scenario
one can expect an overcompensation of the SZE by almost two orders of magnitude.
Under an oppositely extreme scenario which depicts a more feeble existence of cosmic
rays than even our own Galactic environment, we may consider a reduction in the cluster’s
total non-thermal power by 100 times, to 1043 ergs s−1, and the field by ten times, to 0.1
µG. Eq. (9) will then become N = 1.08 × 10−6, and the emitted flux at 41 GHz will be
10−20 ergs cm−2 s−1 sr−1 Hz−1. Based on this value of N , the electron spectrum may be
recast into a more recognizable form, as








For comparison with our Galaxy, we observe that the > 10 GeV Galactic electron spectrum
(Stanev 2004) is of the form E3(dJ/dE) = 100, where dJ/dE is in units m−2 s−1 sr−1 GeV−1,
whereas Eqs. (10) and (11) would give E3(dJ/dE) = 19.1 when expressed in a similar fashion.
Thus this opposite scenario yielded a smaller cosmic ray population than that in our Galaxy,
by ∼ 5 times. Since the aforementioned 41 GHz flux is ∼ 20 times below that of the SZE,
the outcome is that by invoking mere Galactic cosmic ray properties we are already within
a factor of 4 from accounting for the missing SZE flux.
Concerning synchrotron radiation at radio frequencies by the proposed intracluster non-
thermal electrons, the brightness is below normal radio astronomy sensitivity limits. A
typical cluster obervation has its lowest contour at 1 mJy over a 43 arcsec beam resolution.
This corresponds to a background from the cluster of 10−17 ergs cm−2 s−1 sr−1 Hz−1. Thus,
unless we contemplate as large a cosmic ray population as that depicted by Eq. (9) and
its associated parameters, it generally takes a special low noise observation to pick out the
aspect of cosmic ray astronomy suggested here. There are indeed some large clusters where
a radio halo appears. Giovannini et al (1999) find ∼ 5 % of a complete X-ray selected cluster
sample to have diffuse radio emission. Synchrotron radial profiles more extended than that
of X-rays can produce 2 – 2.5 Mpc source sizes, while mini-halos confined to central regions
and radio relics on the cluster periphery were also found (Brunetti 2004). Brunetti et al
(2004) provided a self-consistent, damped Alfven wave heating model for the radio halos,
although the authors neglected the CMB inverse Compton effect.
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4.2. Cluster soft excess
Sarazin and Lieu (1998) estimated the intracluster cosmic ray electron energy necessary
to account for the observed EUV luminosity of some clusters as due to inverse Compton (IC)
interaction between the electrons and the CMB. The IC radiation power is predominantly
in the EUV and soft X-rays waveband, when the CMB scatters off lower energy (300 . γ .


















For A1795 LEUV may be as high as 10
45 ergs s−1 (Mittaz, Lieu, and Lockman 1998), while
for the Coma cluster it is ∼ a few × 1042 ergs s−1 (Lieu et al 1999). Thus ECR ranges from
1059 to 1062 ergs s−1.
By applying our upper limit scenario for the cosmic ray energy density, Eq. (9), we
find upon integrating the electron power law down to γ = 2 (for s ≈ 3 most of the total
electron energy comes from the lower γ values) that ECR ≈ 2 × 1062 ergs. Hence it seems
that the same population (i.e. power-law) of electrons can also explain the cluster soft excess
phenomenon, at least for the inner cluster radii where the soft excess is now widely believed
to be of non-thermal origin. The soft excess spectrum need not be power-law, however. The
Weibel intability invoked by Medvedev, Silva, & Kamionkowski (2005), which could transfer
jet energy to the intracluster medium, initially excites short wavelength modes which would
heat low energy electrons (see Nishikawa et al 2003 for a relativistic jet example).
4.3. Gamma-Ray Limits
There are some indications of non-thermal, hard X-ray cluster emission, but a typical
EGRET gamma ray upper limit (on the Coma cluster, Sreekumar et al, 1996) is 3× 10−8 pho-
ton cm−2 s−1 at 100 MeV. The higher γ end of our proposed electron power-law will produce
gamma rays, also by the IC effect on the CMB. For a particular energy of the emerging





while the rate of IC energy loss for the electron is
dE
dt
= 2.6× 10−14γ2UCMB = 5.46× 10−27 ergs s−1. (15)
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By adopting our higher value of N , Eq. (9), we find 4.5 × 10−14 electrons cm−3 above the
recoil threshold for IC induced 100 MeV gamma emission. Assuming most of the emission
is concentrated at around the threshold of γ ∼ 6 × 105, and a cluster distance of 400 Mpc,
the flux at earth is ∼ 5 × 10−8 photon cm−2 s−1, i.e. even under the scenario of maximal
cosmic ray pressure the EGRET limit is only marginally violated by our model.
5. Summary and conclusions
Although the basic ideas of utilizing AGN activity and Alfvenic heating as a prime
energy source for the intracluster medium have been proposed, we focussed upon a number
of specific non-thermal cluster processes. Our model started with the limited spatial extent
of the AGN related jet feeding. Alfven waves then distribute the energy within a cluster
time frame, resulting in a cluster-wide population of relativistic electrons with a power-
law spectrum. The chief constraint on electron lifetime, and hence spectral hardness, is
inverse Compton loss on the CMB. Provided a reasonable fraction of the observed cluster
AGN power can spread outwards, there will be enough energy to explain the WMAP1 SZE
anomaly of LMZ06 and the cluster soft excess phenomenon, in terms of synchrotron and
inverse Compton radiation respectively. The proposed mechanism is in-line with previous
ideas in interpreting giant raio halos, although the CMB inverse Compton effect was neglected
in such publications.
The main features of the model proposed in this paper are summarized as follows.
(1) For non-thermally active clusters the SZE observations would not implicate cosmology.
Rather, they probe the properties of the intracluster medium, which (for this type of clus-
ters) harbors a higher cosmic ray energy density than our own Galaxy does.
(2) Anomalous SZE could arise from clusters with one or more of the following special char-
acteristics: powerful AGNs, cluster scale X-ray jets, long radio jets, radio ‘ridges’, radio
halos, or other evidence for recent cluster merger.
(3) Similarly, soft excess emissions are more likely where there is evidence of large-scale clus-
ter turbulence, as above.
(4) Extended cluster radio emission identified in some massive clusters could be explained
by an enhanced version of the same Alfvenic heating-inverse Compton balance presented
herein.
(5) Higher fluxes of non-thermal hard X-rays and gamma-rays are emitted by clusters with
anomalous SZE.
(6) The full SZE is expected to be found in relaxed clusters that do not exhibit any of the
characteristics outlined in (2).
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